To investigate the effects of propofol on small vessels, we have measured changes in diameter and blood flow in microcirculatory venules and arterioles. Studies were carried out in the dorsal skinfold chamber of hamsters by intravital fluorescence microscopy. A bolus injection of propofol 25 mg kg Propofol (2, 6-diisopropyl-phenol) is used widely as an i.v. anaesthetic agent for induction and maintenance of anaesthesia, but it causes hypotension and reduction in cardiac contractility [1, 2] . Decreased preload resulting from venodilatation and a decrease in mean arterial pressure produced by vasodilatation are thought to underlie these effects [2] [3] [4] . The actions of propofol on the cardiovascular system are controversial. Claeys, Gepts and Camu observed a decrease in systemic vascular resistance (SVR) and an increase in heart rate in patients receiving a bolus dose of propofol 2 mg kg Ϫ1 followed by an infusion of 6 mg kg Ϫ1 h Ϫ1 [5] . In contrast, Puttick and colleagues found an unchanged SVR and a decrease in heart rate in dogs with graded rates of infusion of propofol.
Propofol (2, 6-diisopropyl-phenol) is used widely as an i.v. anaesthetic agent for induction and maintenance of anaesthesia, but it causes hypotension and reduction in cardiac contractility [1, 2] . Decreased preload resulting from venodilatation and a decrease in mean arterial pressure produced by vasodilatation are thought to underlie these effects [2] [3] [4] . The actions of propofol on the cardiovascular system are controversial. Claeys, Gepts and Camu observed a decrease in systemic vascular resistance (SVR) and an increase in heart rate in patients receiving a bolus dose of propofol 2 mg kg Ϫ1 followed by an infusion of 6 mg kg Ϫ1 h Ϫ1 [5] . In contrast, Puttick and colleagues found an unchanged SVR and a decrease in heart rate in dogs with graded rates of infusion of propofol.
While there are data on the haemodynamic actions of propofol, the exact region of propofol-induced alterations and its mechanisms in the systemic circulation are not known. Several in vitro studies on isolated arteries and veins were performed to evaluate the effects of propofol on vessels [6] [7] [8] [9] . KClpreconstricted isolated hepatic veins and arteries in rats showed dose-dependent relaxation and propofol was more effective in veins than in arteries [10] . Muzi and colleagues demonstrated venodilatation after induction of anaesthesia with propofol in patients. They assessed venous compliance using occlusive plethysmography [11] . These data support propofol-induced venodilatation and suggest direct effects of propofol on vascular smooth muscles.
We have used the dorsal skinfold chamber model in hamsters to learn more about the effects of propofol on the microcirculation. Alterations in microcirculatory vessel diameter and blood flow were investigated by intravital fluorescence microscopy.
Materials and methods
All animal studies were approved by the Laboratory Animal Committee in charge of animal research at the University of Heidelberg. The animals were housed one per cage. They had free access to tap water and standard pellet food (Altromin, Lage, Germany).
MICROCIRCULATION MODEL
Studies were carried out in Syrian golden hamsters (6-8 weeks old, weighing 70-80 g) using the dorsal skinfold chamber preparation according to Endrich and colleagues [12] . Briefly, 24 hamsters were anaesthetized using pentobarbitone 70-80 mg kg Ϫ1 body weight i.p. (Nembutal, Abbot, Ingelheim, Germany). Two symmetrical titanium frames were implanted so as to sandwich an extended double layer of the skin. One layer was removed completely in a circular area of 15 mm in diameter. The remaining layer, consisting of epidermis, subcutaneous tissue and a thin striated muscle, was covered with a removable cover glass incorporated into one of the frames. Polyethylene catheters (od 0.61 mm, id 0.28 mm) were inserted into the right jugular vein and the right carotid artery. were fixed to the chamber. A recovery period of 48 h was allowed between implantation of the chamber and the microscopic studies to eliminate the effects of anaesthesia and surgery on the vessels.
LIGHT SOURCES AND INTRAVITAL FLUORESCENCE

MICROSCOPY
A cold fountain (200 W, Storz, Tuttlingen, Germany) with a flexible fibreoptic system was used for transillumination of the preparations. Epi-illumination was achieved with a HBO 100 W/2 mercurium lamp (Osram, Berlin, Germany) attached to a Pleomak illuminator (Leitz, Wetzlar, Germany). The filter system consisted of an I 2 blue filter block (450-490 nm exciting filter, 510 nm dichronic mirror and 520 nm barrier filter) and a 2-mm KG 1 heat protecting filter. Intravital microscopy was performed using a modified Leitz Orthoplan microscope with a 25-fold water immersion objective. Six to 10 sites of interest (SOI) per animal were selected, each containing post-capillary (6-18 m), collecting (11-23 m) and small (27-50 m) venules and arterioles (24-85 m) [12] . At predetermined intervals, vessel segments were investigated during illumination with either polychromatic light or blue light for 20 s each. The microscopic images (total magnification 600-fold; camera 4400, Cohu, San Diego, CA, USA) were recorded on videotape and analysed offline.
Diameters of venules and arterioles and red cell velocities of venules (v RBC ) were determined at both transilluminated and epi-illuminated SOI by means of a computer-assisted microcirculation analysis system (Zeintl, Neckargemünd, Germany). Blood flow in the venules was calculated from the product of mean blood velocity (vm) and venular crosssectional area ( D 2 /4) assuming a cylindrical shape. vm was calculated using the empirical value of 1.6 for the ratio v RBC /vm [13] . v RBC was determined by injection of 0.1 ml of fluorescein-isothiocyanate (FITC, Sigma, Germany) labelled erythrocytes obtained from donor hamsters [14] .
EXPERIMENTAL DESIGN
Microscopic analysis included 4-8 SOI per animal. In each animal we studied 15-25 individual postcapillary, collecting and small venules and arterioles [12, 15] . Arterial blood-gas analysis was performed in all hamsters to exclude animals with pH : 7.33, 2 a co P 6.6 kPa, or both, in order to eliminate metabolic and respiratory effects on vessel diameters.
SHORT INFUSION OF PROPOFOL AND INTRALIPID
After immobilization of the awake hamsters in a Plexiglass tube, we measured baseline values of diameter and blood velocity. One group (P, n : 7) received a bolus of propofol 25 mg kg 91 over 5 min followed by a short infusion (1.3 mg kg 91 min
91
) for 15 min. In a second group (IL, n : 6), 10 % Intralipid was infused in a volume-equivalent dose according to the propofol infusion in group P. Mean arterial pressure (MAP) and heart rate were recorded at the beginning of the study (0 min), after administration of the bolus (5 min) and after infusion (20 min Results are expressed as mean (SEM). Paired Student's t test with Bonferroni's correction for repeated measurements was performed to compare differences within groups. Differences between groups were investigated by analysis of variance (ANOVA) followed by Student's t test. P : 0.05 was considered significant. Estimation of 95 % confidence limits was included for differences within groups for group IL and control after prolonged infusion.
Results
There were no differences in baseline values of vessel diameter and blood flow between the groups.
SHORT INFUSION OF PROPOFOL AND INTRALIPID
After a short infusion in group P, MAP decreased by 20 % compared with baseline values (P : 0.05) and with Intralipid-treated animals (P : 0.01) (table 1). In the propofol group, MAP was greater than that in the Intralipid group after 20 min (P : 0.01). There was no change in heart rate during propofol administration.
Arterioles dilated in groups P and IL (13 % in group P and 26 % in group IL, P ϭ 0.018 and P : 0.0025, respectively ( fig. 1A) . Dilatation of arterioles in group IL exceeded that in group P after bolus administration (P : 0.024) and at 20 min (P : 0.028). Also, small and collecting venules dilated after a bolus dose of propofol. Dilatation was most 1B) decreased to baseline values after 20 min of propofol infusion, it remained dilated in collecting venules (P : 0.007). In this type of venule alone, there was a difference between groups P and IL after the initial bolus (P : 0.012). Similar findings as for the dilatation of venule diameter were observed for the changes in venule blood flow ( fig. 2) . In all venules receiving a bolus of propofol, blood flow increased (62 % in small venules (P : 0.012, fig. 2A ), 46 % in collecting venules (P : 0.001, fig. 2B ) and 69 % in post-capillary venules (P : 0.006, fig. 2C ). In group IL, blood flow increased in collecting venules and post-capillary venules (23 % and 30 %, P : 0.003 and P : 0.032, respectively).
CONTINUOUS INFUSION OF PROPOFOL AND
INTRALIPID OVER A PERIOD OF 4 H Infusion of propofol and Intralipid for 4 h increased the diameter of collecting venules (33 % and 22 %, respectively) (P : 0.001) ( fig. 3B ) and of postcapillary venules (36 % and 60 %) (P : 0.023 and P : 0.004, respectively) ( fig. 3D) . In collecting venules, the diameter in group P was higher than that in group IL (P : 0.026). Whereas blood flow in collecting venules remained unchanged after 4 h, there was an increase in post-capillary venules by 66 % in group P and 92 % in group IL (P : 0.043 and 0.018, respectively) ( fig. 3C ).
INTRALIPID-INDUCED VASODILATATION
In an additional study, we compared Intralipidinduced venodilatation with saline-treated control animals (table 2). After 4 h of infusion there was an increase in the diameter of collecting and postcapillary venules in both groups. The dilatation of post-capillary venules was higher in group IL (60 % vs 27 % in controls, P : 0.001). Although blood flow in post-capillary venules increased in both groups, only blood flow in collecting venules of salinetreated animals increased (15 %) (P : 0.025) and was approximately two-fold higher compared with group IL (P : 0.001).
Discussion
We have demonstrated that propofol dilated microcirculatory vessels. The increase in MAP after 20 min might have been caused by propofol-induced pain and diminished depth of sedation. In contrast with Glen and Hunter, and Goodchild and Serrao, we found no change in heart rate after bolus and continuous infusion of propofol [2, 3] , possibly reflecting species differences.
In the short infusion studies, we showed that administration of propofol induced dilatation of microcirculatory venules and arterioles. In contrast, only arterioles and collecting venules dilated after infusion of Intralipid. This arteriolar relaxation suggests a possible role of Intralipid-derived metabolites. Indeed, synthesis of vasoactive monobutyrin after lipolysis was described recently [16] . In addition, in isolated preconstricted canine arteries, slight relaxation was found after treatment with Intrafat, which is similar to Intralipid [6] . However, we found no differences in triglyceride concentrations between propofol-or Intralipid-treated animals (data not shown).
The increase in arterial diameter was much greater in Intralipid-treated animals compared with propofol-treated animals. It is possible that propofol may induce arterial contraction at low doses (10
96
- 10 95 ) [6] . This action of propofol could be responsible for the diminished vasodilatory effect in arterioles compared with Intralipid alone. Whereas the microcirculatory changes reached baseline levels in most of the vessels at the end of the short-term experiments, the increase in diameter of vessels of propofol-treated animals was greatest and most prolonged in the collecting venules.
Changes in blood flow similar to those reported here were also observed in other studies [17, 18] . Propofol-induced enhancement of blood flow was observed in a study of Carmichael and colleagues. They found an increase in total blood flow in the rat liver up to 38 % at an infusion rate of 1.2 mg kg 91 min 91 [17] . Mouren and colleagues demonstrated a dose-dependent increase in coronary blood flow after infusion of propofol 10-1000 mol litre 91 in an isolated rabbit heart model [18] . After 4 h of infusion of both propofol and Intralipid, the diameter of post-capillary and collecting venules increased. However, blood flow increased only in post-capillary venules, indicating that a continuous infusion of propofol and Intralipid affects post-capillary venules. This could lead to redistribution of blood flow within the microcirculation.
Compared with saline-treated animals, Intralipid produced a greater increase in diameter and blood flow of post-capillary venules, suggesting redistribution of blood flow in the microcirculation after prolonged administration of Intralipid. No change in blood flow was observed after 4 h in collecting venules and in this vessel type, only control animals showed an increase in diameter and blood flow.
The mechanisms of propofol-induced actions on microcirculatory vessels are still not known. Park, Lynch and Johns suggested that propofol-induced vasodilatation was caused by endothelial-dependent mechanisms, including cyclo-oxygenase metabolites and endothelium-derived relaxing factor release [7] . This hypothesis is supported by findings of increased cGMP concentrations after administration of propofol to porcine aortic endothelial cells [8] . In contrast with these findings, in KCl-and phenylephrine-preconstricted thoracic aortic rings of the rat, propofol produced endothelial-independent -channel blocker [9] . Binding of propofol to the Ca 2;
-channel related protein was described recently [19] . In our study we demonstrated that Intralipid might also be involved in propofol-induced actions.
The doses used in our studies are high compared with those used in humans. However, it has been demonstrated that in rodents, higher doses of propofol were required to induce and maintain anaesthesia [3, 20, 21] .
